ABSTRACT. Piglet brains generate superoxide during postischemic reperfusion, and topical application of activated oxygen species alters pial arteriolar responses. We investigated effects of pretreatment with scavengers of superoxide and H 2 0 2 on ischemia-induced alterations of pial arteriolar responses in anesthetized newborn pigs. Four groups were studied: 1) time control, 2) untreated ischemia, 3) ischemia pretreated topically and systemically (conjugated to polyethylene glycol) with superoxide dismutase (SOD) and catalase, and 4) ischemia pretreated with Tiron. Pretreatment with SOD conjugated to polyethylene glycol alone during postischemic reperfusion effectively removed superoxide from its site of generation during postischemic reperfusion, but topical SOD was used also as insurance. Piglets were studied before and after 20 min of total cerebral ischemia caused by maintaining intracranial pressure above mean arterial pressure. As reported previously, before ischemia, hypercapnia and isoproterenol dilated pial arteries and arterioles and hypercapnia but not isoproterenol increased cortical periarachnoid cerebrospinal fluid 6-keto-prostaglandin Flu, measured as an index of cerebral cortical prostacyclin synthesis. After cerebral ischemia, pial arterioles did not dilate in response to hypercapnia and 6-keto-prostaglandin FI, did not increase, but dilation to isoproterenol was unchanged. The present study found that treatment with SOD/catalase or Tiron did not prevent loss of vasodilation to hypercapnia or the loss of hypercapnia-induced cerebral 6-keto-prostaglandin Flu synthesis after cerebral ischemia. The postischemic loss of cerebral vasodilation to hypercapnia does not appear to involve superoxide or a subsequent reduced form of oxygen. Cerebral ischemia in newborn pigs is followed by loss of cerebral vascular responses to hypercapnia and hypotension. The cerebral vasodilation caused by hypercapnia ( I , 2) and hypotension (3) requires active prostanoid synthesis, whereas dilation to isoproterenol does not (4). After cerebral ischemia, elevated cerebral prostanoid synthesis during hypercapnia and hypotension does not occur (5-7). Vasodilation in response to these stimuli is likewise absent, and the responses to isoproterenol are unchanged.
ABSTRACT. Piglet brains generate superoxide during postischemic reperfusion, and topical application of activated oxygen species alters pial arteriolar responses. We investigated effects of pretreatment with scavengers of superoxide and H 2 0 2 on ischemia-induced alterations of pial arteriolar responses in anesthetized newborn pigs. Four groups were studied: 1) time control, 2) untreated ischemia, 3) ischemia pretreated topically and systemically (conjugated to polyethylene glycol) with superoxide dismutase (SOD) and catalase, and 4) ischemia pretreated with Tiron. Pretreatment with SOD conjugated to polyethylene glycol alone during postischemic reperfusion effectively removed superoxide from its site of generation during postischemic reperfusion, but topical SOD was used also as insurance. Piglets were studied before and after 20 min of total cerebral ischemia caused by maintaining intracranial pressure above mean arterial pressure. As reported previously, before ischemia, hypercapnia and isoproterenol dilated pial arteries and arterioles and hypercapnia but not isoproterenol increased cortical periarachnoid cerebrospinal fluid 6-keto-prostaglandin Flu, measured as an index of cerebral cortical prostacyclin synthesis. After cerebral ischemia, pial arterioles did not dilate in response to hypercapnia and 6-keto-prostaglandin FI, did not increase, but dilation to isoproterenol was unchanged. The present study found that treatment with SOD/catalase or Tiron did not prevent loss of vasodilation to hypercapnia or the loss of hypercapnia-induced cerebral 6-keto-prostaglandin Flu synthesis after cerebral ischemia. The postischemic loss of cerebral vasodilation to hypercapnia does not appear to involve superoxide or a subsequent reduced form of oxygen. Cerebral ischemia in newborn pigs is followed by loss of cerebral vascular responses to hypercapnia and hypotension. The cerebral vasodilation caused by hypercapnia ( I , 2) and hypotension (3) requires active prostanoid synthesis, whereas dilation to isoproterenol does not (4) . After cerebral ischemia, elevated cerebral prostanoid synthesis during hypercapnia and hypotension does not occur (5) (6) (7) . Vasodilation in response to these stimuli is likewise absent, and the responses to isoproterenol are unchanged.
Superoxide anion and its progressive reduction products, hydrogen peroxide and hydroxyl radical, generated during reperfusion after ischemia, could cause alterations of cerebral microvascular reactivity. Superoxide is produced by the brain during reperfusion after cerebral ischemia in newborn pigs (8) . Generation of activated oxygen species on the brain surface by topical application of xanthine oxidase, hypoxanthine, and iron results in changes in microvascular reactivity qualitatively similar to those caused by ischemia/reperfusion: attenuation of pial arteriolar dilation in response to hypercapnia and hypotension without changing responses to topically applied isoproterenol and norepinephrine (9) . In other vascular beds, SOD pretreatment has been shown to attenuate vascular damage during postischemic reperfusion ( 10-1 2).
The present study was designed to test the hypothesis that superoxide anion and/or subsequent radicals contribute to the loss of vasodilation to hypercapnia and hypotension after cerebral ischemia in newborn pigs.
MATERIALS AND METHODS
Newborn pigs (1-3 days old) were anesthetized with ketamine hydrochloride (33 mg/kg, intramuscularly) and acepromazine (3.3 mg/kg, intramuscularly) and maintained on a-chloralose (50 mg/kg, i.v., initially, plus 5 mg. kg-'. h-'). The animals were intubated and ventilated with air. Catheters were inserted in the femoral vein for maintenance ofanesthesia and blood withdrawal and in the femoral artery to record blood pressure and draw ' Deceased.
space was not exposed to damaged bone or damaged membranes. Cerebral cortical periarachnoid CSF (300 pL) was collected by placing a syringe on an injection port of the cranial window. CSF was collected by slowly infusing aCSF into one side of the window and allowing the CSF under the window to drip freely into a collection tube on the opposite side.
Cerebral ischemia was produced for 20 min as described in detail previously (5) (6) (7) 13) . Briefly, during surgery for implantation of the cranial window, a hollow bolt was implanted over the contralateral cerebral cortex. The bolt was connected to a bottle of aCSF. By maintaining a pressure 2 kPa (1 5 mm Hg) greater than mean arterial pressure inside the skull, blood flow throughout the brain and spinal cord was reduced to zero. To prevent inordinate rises in arterial pressure from the Cushing response during cerebral ischemia, blood was withdrawn as necessary and anticoagulated with citrate for reinfusion. After 20 rnin of cerebral ischemia, 45 min of reperfusion were allowed before continuation of experiments. Measurements were made over the next 10 rnin to be sure the diameters were stable. Typically, pial arteriolar diameters have stabilized by 45 min postischemia, with the dilation of reactive hyperemia being short in duration and occumng within the first 10 rnin of reperfusion (7) .
After flushing the window with aCSF, control measurements of pial arteriolar diameter, arterial blood pressure, blood gases, and pH were taken. At the end of the 10-min control period, the CSF from under the window was collected for 6-keto-PGFI, analysis, an index of cerebral prostacyclin synthesis. Hypercapnia was produced by ventilating with a 10% C02, 2 1% 0 2 , and 69% Nz mixture. Pial arteriolar diameter and arterial pressure were measured. After 10 min of hypercapnia, the CSF from under the cranial window was collected for 6-keto-PGFI, analysis, and an arterial blood sample for blood gases and pH analysis was drawn. The ventilation mixture was returned to air, and the window was flushed with aCSF four times at 5-min intervals. Another 10-min control collection for 6-keto-PGFI, analysis was taken, and isoproterenol ( I pM) was placed under the cranial window. The maximum response within 10 rnin was recorded. The CSF under the window was collected for 6-keto-PGF,, analysis after 10 min of exposure. The experiments were continued 65 rnin later in control animals or after 20 rnin of cerebral ischemia followed by approximately 45 rnin of reperfusion in the ischemic animals. At this time, responses to hypercapnia and isoproterenol as described above were reexamined. In about 20% of the animals, the response to isoproterenol was determined before the response to hypercapnia. There was no evidence that the treatment order affected the results, so the results were combined. Vasodilation in response to hypotension was determined by phlebotomy to maintain a mean arterial pressure of one half the control pressure. Pial arteriolar diameter was measured throughout the 10-min period of hypotension and the maximum diameter achieved between 5 and I0 rnin of hypotension used for calculation of the response. Hypotension was only examined at the end of the protocol because repeated hypotension modifies the physiologic condition of the piglet.
Piglets were divided into four groups designated as time control, untreated ischemia, SOD/CAT ischemia, and Tiron ischemia.
Time control. Time-control piglets were prepared as described above, and the hollow bolt was implanted in each. After the initial studies of responses to hypercapnia and isoproterenol, 65 rnin were allowed without treatment; experiments then continued with reexamination of responses to hypercapnia, isoproterenol, and hypotension.
Untreated ischemia. This group received 20 min of cerebral ischemia after an examination of effects of hypercapnia and isoproterenol. After 45 rnin of reperfusion, experimentation was continued by reexamining responses to hypercapnia and isoproterenol. Responses to hypotension were not examined because previous experiments demonstrated loss of dilation to hypotension after ischemia (3).
SODICAT ischemia. In this group, treatment to remove superoxide anion under the cranial window was applied topically and systemically to approach the vessel bilaterally. Thirty min before beginning experiments, piglets were given SOD conjugated to PEG (1 000 U/kg, i.v.) and CAT conjugated to PEG (10 000 U/kg, i.v). In addition, the aCSF used under the cranial window and in the ischemia bottle contained SOD (60 U/mL) and catalase (1 200 U/mL). SOD/CAT ischemia piglets were treated the same as the untreated ischemia piglets. Additionally, the response to hypotension was examined as the last intervention. ---- To examine the effectiveness of systemically administered PEG-SOD (1 000 U/kg) in dismutating superoxide anion generated by the brain, we measured SOD-inhibitable NBT reduction in four piglets with dual cranial windows implanted using methods described previously (8, (14) (15) (16) . SOD-inhibitable NBT reduction was determined during the first 20 min of reperfusion after 20 rnin of cerebral ischemia in piglets treated systemically with only PEG-SOD (i.e. none was placed in aCSF, in contrast to the SOD/CAT ischemia treatment group).
Tiron ischemia. Because the high molecular weight of SOD might reduce access to superoxide anion within the cell, the smaller molecular weight scavenger of superoxide anion Tiron (4,Sdihydroxy-13-benzene disulfonic acid) ( 17) (Sigma Chemical Co., St. Louis, MO) was also used. Tiron was administered at 1 g/kg + 50 mg/kgmin i.v. dissolved in saline with the pH adjusted to 7.3 with NaOH. Simultaneously, Tiron was administered directly to the pial arterioles in the aCSF (100 mM. pH adjusted to 7.3 with NaOH). Tiron treatment was begun 30 rnin before beginning experimentation and continued throughout the experiment. Otherwise, experimentation was as described above for untreated ischemia.
6-keto-PGF,, in cortical periarachnoid CSF was analyzed by RIA against an aCSF matrix as described previously (18) . All unknowns were processed at three dilutions, with parallelism between the unknown dilution curve and the standard curve required before the result was used. Sample dilutions allowed analysis of prostanoid concentrations between 100 and 50 000 pg/mL. Previously, using this assay, we demonstrated large proportional increases in prostanoids after topical application of arachidonic acid and greater than 90% decreases in concentrations of all prostanoids examined in cortical periarachnoid fluid after treatment with indomethacin (10 mg/kg, i.v) under basal conditions and when stimulated with exogenous arachidonic acid (19) . Our antibodies cross-react minimally (less than 1%) with other prostanoids studied. Furthermore, target ligands are not displaced from the antibodies by arachidonic acid (20 pg/mL): 5-hydroxyeicosatetraenoic acid or 15-hydroxyeicosatetraenoic acid (1 pg/mL); LTB,, LTC4, LTD4, or LTE4 (5 pg/mL); or lipoxin A4 or lipoxin B4 (I0 ng/mL).
Statistical analysis of the major data sets used repeated measures analysis of variance for four groups over time with contrasts by t tests for preplanned comparisons. p < 0.05 was required for inference that populations were different.
RESULTS
The arterial blood pressures, gases, and pH of the newborn pigs in the four groups before and after ischemia are shown in Table 1 . Initial values for all these parameters were comparable among groups. Furthermore, cerebral ischemia had no significant effect on arterial blood pressures, gases, or pH in any of the groups of piglets.
Pretreatment of piglets with PEG-SOD completely blocked the increase in SOD-inhibitable NBT reduction during postischemic reperfusion. None of the four piglets pretreated with PEG-SOD had detectable SOD-inhibitable NBT reduction during reperfusion after cerebral ischemia. The minimum detectable is about 1 pmol . mrn-*. 20 min-'. The undetectable SOD-inhibitable NBT reduction in PEG-SOD-treated piglets after ischemia is in contrast to 8.7 + 1.5 pmol . mm-2. 20 min-' in untreated piglets (8) . Nevertheless, to ensure high SOD activity around vessels under observation. SOD was also placed in the aCSF of the SOD/CAT group as described in the Materials and Methods.
Hypercapnia caused similar vasodilation of both pial arterioles ( Table 2 , Fig. I ) and pial arteries ( Table 3 . Fig. 2 ) before cerebral ischemia in all four groups of piglets. There were no differences among responses of pial arterioles ( Table 2 , Fig. 1 ) or arteries ( Table 3 , Fig. 2 ) to topically applied isoproterenol before ischemia either. In the time-control piglets, responses of pial arterioles and pial arteries to hypercapnia and isoproterenol were unchanged after the 65-min interim period between the first trial and the second (Tables 2 and 3, Figs. 1 and 2 ). In contrast, after cerebral ischemia, neither pial arterioles nor pial arteries dilated in response to hypercapnia, but responses to topical isoproterenol were not changed significantly (Tables 2 and 3 , and Figs. 1 and  2 ). Treatment with PEG-SOD, PEG-CAT, topical SOD, and topical CAT or systemic and topical administration of Tiron did not prevent the loss of the pial vasodilation to hypercapnia after cerebral ischemia (Tables 2 and 3, Figs. 1 and 2 ). Similar to those of untreated ischemia piglets, pial arterioles of SOD/CAT ischemia and Tiron ischemia piglets dilated in response to isoproterenol after cerebral ischemia.
Hypercapnia (Fig. 3 ) increased cortical periarachnoid 6-keto- Table 3 (means + SEM). PGF,,, concentration similarly in all four groups of piglets before did not prevent the total loss of autoregulatory vasodilation of cerebral ischemia. During the second period of hypercapnia. pial arterioles in response to hypotension after cerebral ischemia cortical periarachnoid 6-keto-PGF,,, concentration once again (Fig. 4) . increased in the time-control group. However, after cerebral ischemia. hypercapnia did not increase 6-keto-PGF,,, in un-DISCUSSION treated, SODICAT-treated, or Tiron-treated piglets (Fig. 3) . Isoproterenol did not increase 6-keto-PGF,,, before or after ischemia As reported previously (5-7). cerebral ischemia selectively in any group (data not shown).
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pear to be involved in the loss of responses, inasmuch as the present experiments found systemic and topical administration of high concentrations of superoxide anion scavengers prevented neither the loss of pial arteriolar dilation in response to hypercapnia nor the postischemia attenuation of hypercapnia-induced cerebral prostanoid synthesis.
These results are somewhat surprising in light of the fact that superoxide anion production is increased upon reperfusion of ischemic newborn pig brains (8) and superoxide anion generated on the brain surface, albeit at about three times that measured during postischemic reperfusion, can selectively attenuate prostanoid-associated dilation of pial arterioles (9) . In other studies, SOD has been found to be protective in some cases but not others. For example, pretreatment with SOD attenuated postischemic coronary microvascular injury assessed by leakage of radiolabeled proteins ( lo). Pretreatment with SOD also protected perfused rat hearts from postischemic loss of endothelium-dependent vasodilation in response to acetylcholine ( l I). However, the decrease in prostacyclin production by human umbilical vein cndothelial cells in culture that accompanies reoxygenation of anoxic endothelium is only slightly attenuated by treatment with SOD or CAT (20) , which is consistent with the present findings.
The conclusions in the present study are based on the assumption that the inhibitors used reduced or eliminated superoxide anion. This assumption is reasonable for both SOD/CAT and Tiron. Using the SOD-inhibitable NBT reduction method to detect superoxide anion production. we found that systemic administration of PEG-SOD effectively inhibited the cerebral accumulation of superoxide anion during reperfusion after ischemia. To ensure total removal of superoxide from around the vessels under observation, we not only used PEG-SOD systemically. but also placed SOD in the aCSF bathing the cerebral arteries and arterioles. Thus. one must conclude that little extracellular superoxide anion could accumulate under these conditions. Superoxide production in relation to PGH synthase activity. which appears to be the primary source of superoxide anion generation during reperfusion of the newborn pig brain, occurs intracellularly. with superoxide anion leaving the cells via anion channels (21) . Therefore, one must consider the possibility that the superoxide anion could affect the vascular responses without leaving the cell. The protein SOD does not enter cells well. However. conjugation of SOD to PEG does increase uptake by endothelial cells in culture (22) . and SOD has been shown to be highly effective in blocking PGH synthase-dependent responses to exogenous arachidonic acid, bradykinin. and 5.6 epoxyeicosatrienoic acid (23) (24) (25) . Nevertheless, further assurance that superoxide anion is not involved in the loss of prostanoid-associated responses after ischemia was sought by using an inhibitor reported to be capable of scavenging intracellular superoxide anion. Because we could not measure intracellular superoxide anion, we used maximal concentrations of Tiron. Tiron appears to be effective as a superoxide anion scavenger and appears to enter cells and remove superoxide anion. Although no experiments have demonstrated that Tiron penetrates blood vessels. ability to act intracellularly in lymphocytes and neutrophils suggests that Tiron is not excluded by cell membranes. Devlin ct al. (17) showed that Tiron was capable of inhibiting lyrnphocytemediated cytolysis. whereas SOD and catalase were not. The requirement for intimate cell contact in lymphocyte-mediated cytolysis prevents the large enzymes from access to the area of activity, whereas the smaller Tiron can cross the cell membrane to remove the superoxide anion even when there is cell-to-cell contact. Melinn and McLaughlin (26) demonstrated that Tiron was highly effective in inhibiting lucigenin-amplified chemiluminescence produced by superoxide anion. whether produced directly using xanthine and xanthine oxidase or by opsonized xymosan-activated neutrophils. and was much more effective than a very high concentration of SOD in the neutrophil preparation, suggesting that Tiron removes the intracellular superoxide anion. These effects were obtained at 10 mM. We used a 10-fold higher concentration of Tiron in the CSF, bathing the vessels under observation, and also infused Tiron at the maximum rate tolerated by the piglet and found this aggressive treatment to be completely ineffective in preventing the loss of prostanoid-associated responses after cerebral ischemia. Although a positive result may have been difficult to interpret due to potential and unknown alternative effects of Tiron and the exceedingly high doses used, the total lack of protective effect of this treatment removes this difficulty and allows us to suggest that intracellular superoxide anion generation is not responsible for the loss of prostanoid-associated responses of pial arterioles in newborn pigs after ischemia.
It is not likely that activated oxygen species generated independently of superoxide anion cause the changes observed. The single electron reduction of oxygen to produce superoxide anion introduces oxygen to the free radical cascade with subsequent activated oxygen species being generated by further reduction. Thus, elimination of superoxide by accentuating reduction to HzOz and removing the Hz02 with CAT eliminates hydroxyl radical as well.
In the present study, pretreatment of newborn pigs (1-3 d old) with 1 000 U PEG-SOD/kg completely inhibited the increase in SOD-inhibitable NBT reduction that occurs upon reperfusion of ischemic pig brains. On initial examination, these data appear in contrast to those of Haun ct a/. (27) , who found treatment of pigs 1 to 2 wk old with 8 000 U/kg did not increase SOD activity in the brain homogenates. Though possible, we feel it is unlikely that the ages of the piglets could account for these apparent differences. PEG-SOD may not readily cross the blood-brain barrier and enter the brain parenchyma in large quantities in our piglets either. Instead, systemic administration of PEG-SOD could increase cerebral vascular endothelial cell SOD activity without augmenting the SOD activity of brain homogenates, as reported by Haun et a/. (27) . These data could suggest that cerebral endothelial cells are largely responsible for increased superoxide generation upon postischemic reperfusion. However, this discussion is not directly relevant to the major conclusions of the present study, inasmuch as SOD was also applied topically to bathe the arteries and arterioles under investigation, thereby circumventing the blood-brain bamer.
Because it appears that activated oxygen species are not responsible for the loss of prostanoid-associated vascular responses after ischemia in the newborn pig, the mechanism accounting for this selective alteration of cerebral reactivity remains unknown. Inactivation of PGH synthase, like superoxide anion, does not appear to be involved, because conversion of exogenous arachidonic acid to prostanoids on the brain surface is not altered after cerebral ischemia (28) . Therefore, currently available evidence would suggest that ischemia decreases the release of arachidonic acid in response to the specific induction stimuli. Inasmuch as phospholipase A2 appears to be involved in the increase in prostanoid synthesis caused by hypercapnia in newborn pigs (2) . it is possible that ischemia results in phospholipase A2 inactivation. Another possibility that must be considered is that of depletion of arachidonic acid from a specific membrane pool that provides a source for hypercapnia-and hypotensioninduced arachidonic acid release. The marked increase in free arachidonic acid induced by ischemia (29, 30) makes such a possibility more attractive. Consistent with this hypothesis, we recently reported that topically applied arachidonic acid restores pial arteriolar dilation to hypercapnia after ischemia (3 1).
Total brain ischemia results in neuroendocrinologic changes that could affect subsequent cerebral vascular responsiveness. The present experiments used elevation of intracranial pressure coupled with suppression of hypertension by blood withdrawal to produce ischemia. The rationale for this selection has been discussed previously (13) . It does not appear that the acute neuroendocrine changes are causing the change in vascular reactivity because the loss of response to hypercapnia is sustained for at least 24 h (6). Of course, such changes could contribute to vascular damage during ischemia/reperfusion. The cerebral ischemic response producing the neuroendocrinologic changes would occur regardless of whether ischemia was produced by elevation of intracranial pressure or occlusion of the carotid and vertebral arteries.
In conclusion, although ischemia-reperfusion caused marked elevation of superoxide anion production by the newborn pig brain and activated oxygen species are capable of attenuating cerebral vasodilation in response to hypercapnia and hypotension, the loss of dilator responses to these stimuli after ischemia of the newborn pig brain does not appear to involve superoxide anion or a subsequent reduced form of oxygen.
